The energy and nuclear mass dependences of the total hadronic cross section in the energy range 0.5-2.6 GeV have been measured at Bonn using the SAPHIR tagged photon beam. The measurement, performed on C, Al, Cu, Sn and Pb, provides the first photoabsorption data in the region 1.2-1.7 GeV. The results show a significant reduction of the photoabsorption strength on the bound nucleon compared to the free nucleon case in the whole energy region. Above 1.2 GeV this reduction decreases with the nuclear density and can be interpreted as a signature of a low energy onset of the shadowing effect.
Introduction
The modifications of the hadron properties and of the elementary couplings in the nuclear medium is one of the topics in nuclear physics currently addressed in various experimental and theoretical investigations.
The properties of baryon resonances in nuclei have been studied in recent photoabsorption experiments at Frascati [1, 2, 3] , Mainz [4, 5] , and Bonn [6] . These showed significant medium effects: while the ∆-resonance is only slightly distorted, higher excited nucleon states N * , in the second and third resonance region, are washed out. Furthermore, for photon energy k > 0. 6 GeV the absolute value of the cross section per nucleon is reduced, with respect to the free-nucleon case.
The mechanism of this damping is not yet well understood. In the resonance region (0.6-1.2 GeV) Fermimotion and Pauli-blocking alone are unable to reproduce the resonance disappearance, therefore strong effects in the excitation, propagation and interaction of the baryon [7] and meson [8, 9] resonances in the nuclear medium are advocated. At higher energies Vector Meson Dominance (VMD) models predict sizeable shadowing effects starting from about 2 GeV [10, 11, 12] .
In this paper are reported the results of the photoabsorption measurements on C, Al, Cu, Sn and Pb performed at Bonn between 0.5-2.6 GeV. The cross sections for C and Pb have been already published [6] . Here the cross sections for the other nuclei are given along with the evaluation of the reduction and the density dependence of the photoabsorption strength in different energy regions.
In section 2 the experimental setup and method are extensively described. The analysis procedure is reported in section 3. In section 4 the results of the measurement are presented: specifically the cross sections, the ratio between photonuclear and photonucleon cross sections, and the nuclear density dependence.
Experimental setup and method
The photoabsorption measurements were performed using the photohadronic method. This method consists in measuring the photoproduction yield of hadronic events with a large solid angle detector, rejecting the vastly preponderant electromagnetic events by a separation using a forward angle shower detector. The photohadronic method was successfully applied in all previous measurements of the total photoabsorption cross section above the ∆-resonance excitation energy.
The measurement was carried out at Bonn using the SAPHIR tagged photon beam [13] of the ELSA accelerator and an apparatus similar to the one previously used at Frascati for nuclear photoabsorption measurements up to 1.2 GeV [3] . A schematic layout of the photon beam line and of the detector is given in Fig. 1 .
Tagged photon beam
The photon beam was produced by the bremsstrahlung of electrons extracted from the ELSA accelerator into the SAPHIR beam line. The energy of the scattered electrons was measured in the tagging system TOPAS II which also supplied the trigger for the events. The tagging system consisted of a bremsstrahlung radiator, a dipole magnet and a tagger made by two multiwire proportional chamber (MWPC) placed in front of scintillation counters.
As a radiator (R) a copper foil 0.006X 0 thick (X 0 being the radiation length) has been used. The dipole magnet had a maximum deflecting power of 1.2 T . m, corresponding to a maximum endpoint energy E 0 = 3.3 GeV. For this measurement, the higher energy-resolution information from the MWPC of the tagger was not used and the photon energy was reconstructed from the timing hodoscope only. The latter consisted of 14 scintillator counters (T1-T14), each 4.5 cm thick and different in size, providing a photon energy resolution ranging from about 9% for the lowest energies to about 1% for the highest energies. The tagger covered the photon energy range 0.30E 0 -0.95E 0 . In this experiment the photon energy range 0.5-2.6 GeV has been covered, with large overlapping regions at three electron beam energies E 0 = 1.6, 2.2 and 2.8 GeV.
The photon beam passed through a set of collimators and the SAPHIR apparatus. The three collimators C1-C3 defined a 1.5 cm diameter photon beam at the target position, while the three sweeping magnets M1-M3 strongly suppressed the charged background in the beam.
The lead glass shower detector SD allowed the simultaneous measurement of the tagged photon flux for each tagging channel. The photon beam intensity and the tagging efficiency (defined as the ratio between the number of tagged photons and the number of counts in the relevant tagging channel) were measured on-line for each energy interval.
In Fig. 2 the tagging efficiencies of the 14 tagging channels measured at the three electron beam energies are shown. The values range between 0.73 and 0.92, depending on both the photon and electron beam energies. The decrease observed for the first channels (which correspond to the highest photon energies) is due to both the Mollerscattering and the background on the tagging counters. The decrease observed at the lowest electron beam energy is due to the wider bremsstrahlung photon emission angle and to the strong collimation cut.
The tagging efficiencies were found stable within ≈1% during the whole data taking, as shown in Fig. 3 for two sample tagging channels.
Targets
Solid targets (T) of C, Al, Cu, Sn and Pb were used. They had the form of disks 3 cm in diameter and thicknesses ranging between 0.08X 0 for C to 0.2X 0 for Pb (actual values are given in Table 1 ). The effective attenuation of the photon beam due to the electromagnetic interaction in the target was calculated for each nucleus as a function of the photon energy. The average photon beam attenuation ranged between 3% for C and 6.5% for Pb. The targets were individually mounted on a suitable frame and moved into and off the photon beam by a remote control system (RC).
In order to reduce effects due to possible changes in the electron beam, empty frame measurements were regularly interspersed inside a complete cycle of target runs and their contributions were subtracted. The empty frame yields, mainly ascribed to the photon beam interactions on materials along the beam line and on the target frame, were equivalent to less than one g cm −2 of lead and were found stable within ≈ 0.8% during the whole measurement.
Detectors
A NaI crystal hadron detector (HD), consisting of four cylindrical sectors, each 60 cm long and 12 cm thick, surrounding the target, detected the charged hadrons and neutral mesons produced by the photon interaction in the target. The electromagnetically produced leptons and photons, mostly emitted close to the photon beam direction, were vetoed by the SD positioned about 1 m downstream to the target. Hadronic absorption of a photon of a given energy was indicated by a coincidence of signals from the relevant tagging channel and the HD without a simultaneous signal in the SD.
The HD angular coverage was 8 0 < θ < 169 0 for the polar angle and almost 2π for the azimuthal angle, which corresponds to more than 98% of the full solid angle. Due to its thickness, the HD detected about 40% ( 30%) of the total energy carried by the hadrons produced by 0.5 GeV (2 GeV) photons. This energy is remarkably higher than that released in the HD by the products from electromagnetic events.
The SD consisted of a dense SF6 lead glass cylinder, 30 cm long and 12 cm in diameter. The large detector thickness (19X 0 ) provided an efficiency close to unity for detecting the electromagnetic showers generated from the photon beam and both the Compton photons and the lepton pairs produced off the target. The lead collimator C4, placed between the HD and the SD, defined a maximum polar angle of 2.4 0 with respect to the target center. This allowed to detect both the beam photons and the electromagnetic products originating from the target, while strongly reducing the number of low energy hadrons which might reach the SD. In addition, the threshold of theČerenkov process in the SD provided a further rejection of the low energy hadrons. T Thickness 
Measurement
The photon energy range 0.5-2.6 GeV was covered with three different electron beam energies with widely overlapping photon energy regions. This allowed a check of the reproducibility of the measurements and gave an estimate of the systematic errors that could arise from different running conditions. Detector working parameters, such as HD and SD energy thresholds, were adjusted to optimize the efficiency of the hadron detection and to reduce the electromagnetic contamination at the different beam energies. The tagged photon beam rate was kept constant at 5 . 10 4 photons/s in order to reduce the random coincidence contamination. This amounted to about 1%-6% of the rate of true events, depending on both the target and the electron beam energy. Nevertheless, the random coincidences were on-line measured and subtracted.
The number of events collected at the three electron energies, for the five targets and for the empty frame, are given in Table 1 .
Procedure and corrections
The measured hadronic yields were very close to the absolute values of the total cross section, the off-line corrections being very small. The latter were due to i) the loss of the events with all hadrons emitted at a polar angle less than the minimum HD detection angle, or depositing in the HD an energy below the threshold, ii) the HD contamination due to the products of unvetoed electromagnetic events with energy above the HD threshold, iii) the SD contamination due to the events with hadrons releasing energy in both the HD and SD above the relevant thresholds. In order to calculate the hadronic corrections i) and iii) a Monte Carlo (MC) simulation was developed, based on an intranuclear cascade model for photonuclear reactions. This code [14] accounts for the photon interaction with nucleons in the target through one-pion, two-pions and multi-pions production processes in both resonant and non resonant states; it simulates the intranuclear cascade of the photo-hadrons, which leaves the residual nucleus in an excited state that emits low-energy evaporation nucleons and light nuclei. The HD response function to the hadrons generated by this cascade-evaporative code was evaluated by using the Geant-3.21 code. Fig. 4 shows the simulated HD response function to the hadrons photoproduced on C and Al targets by 0.84÷2.66 GeV photons. Also shown in the figure are the measured spectra with a threshold cut at 0.13 GeV. The simulated and measured spectra are in good agreement with each other. The broad peak shown at about 0.3 GeV is due to the hadronic events with at least one pion in the final state.
In order to evaluate the correction ii), electromagnetic processes were simulated by using a modified version of the Geant-3.21 code, where the experimental energy and angular distributions of pair production in the energy range of interest were explicitly introduced. In addition, thě Cerenkov photon emission, the attenuation of theČerenkov light inside the lead glass and the spectral response of the photomultipliers were taken into account.
Checks of the MC predictions were performed in order to test the effect of the energy and angular cuts on the efficiency and the acceptance of HD and SD.
The hadronic corrections, due to the finite angular acceptance of the HD and to the possible contamination of electromagnetic events not vetoed by the SD, were experimentally tested by varying the HD solid angle cover- age. This was performed by moving the target upstream and downstream from the position used for the measurements. The comparison between the MC and the experimental yields, for different HD solid angles, is shown in Fig. 5 . The average yields for carbon and lead targets, measured at E 0 =2.8 GeV and E 0 =2.2 GeV respectively, are given: the top panel refers to all tagging counters, while the bottom one to the three tagging channels at the lowest photon energies. In our geometry, the missing HD solid angle can be approximated as πθ represents the electromagnetic contamination due to the e + e − pairs produced in the target. As shown in the figure, the hadronic losses are slowly increasing (yields decrease) as the missing HD solid angle increases, while the electromagnetic contamination becomes relevant only at very small missing solid angle compared to the measurement position (yields increase). Moreover this contribution is important only for the lead target and at the lowest photon energies. All the experimental yields are in good agreement with the MC predictions for both contributions.
The SD rejection efficiency as a function of the angular acceptance has been evaluated by measuring the yields for varied radii of the C4 collimator. These yields for carbon and lead, measured at E 0 =2.8 GeV and E 0 =2.2 GeV respectively, are shown in Fig. 6 as a tal points. As it is shown, the hadronic cross section is constant in a broad range of solid angle values, thus indicating that electromagnetic events were adequately suppressed by the veto counter. An indication of the amount of the vetoed electromagnetic events is given by the yield value at Ω SD =0 sr, measured by removing the SD veto. Further experimental checks on the threshold efficiency of both the HD and SD detectors have been performed, finding a very good agreement with the MC predictions. These checks are extensively described in Ref. [15] .
The results of the above described checks validate the high reliability of the MC predictions. The average contribution of the whole corrections, as a percent of the yields for all the studied nuclei and at the three electron beam energies, are reported in Table 1 . 
Results

Total cross sections
The cross section values were obtained by applying to the yields the previously described MC corrections. As an example of the quality of the data in Fig. 7 the cross section on aluminium, measured at the three electron beam energies, is shown together with the MC corrections: the latter remain almost constant at about 5% in the region of main interest for this measurement. As to be seen the three data sets are well consistent within each other.
The average values of the cross section in the overlapping regions are given in Table 2 for each nucleus. These values well agree among each other within the experimental errors for all the studied nuclei, showing the good control of the systematic errors. These mainly originate from the uncertainties in the target thickness (reported in Table 1), the photon beam flux (≈ 1%), the background subtraction (≈ 1% for C and ≈ 3% for Pb), and the MC corrections (≈ 1.5% for C and ≈ 2.5% for Pb). The total average systematic errors are ≈ 2% for C and ≈ 5% for Pb.
The cross section data measured at the three beam energies have been partitioned and averaged in 19 bins of energy about 100 MeV wide. The resulting total cross section values, normalized to the mass number A, are given in Table 3 for all the studied nuclei together with the statistical errors.
In the last column the weighted average of cross sections for the five nuclei is also given. This can be considered as the cross section on an average nucleus with Z/A = 0.469 and an average nuclear density ρ A =0.109 nucleons/fm 3 . The photoabsorption cross sections are also shown in Fig. 8 , together with the data for the proton [16] .
The bars indicate the statistical errors only, the band in the bottom of the panels represent the systematic uncertainties. The present data are in very good agreement within the experimental errors with both the low and high energy data available in the literature. They confirm with reduced statistical uncertainties the absence of peaks in the region of the second and third resonances for the bound nucleon. The new and most striking result is the persistence of the absorption strength reduction above 1.2 GeV compared to the free nucleon case for all the studied nuclei.
Photonuclear to photonucleon cross section ratio
In order to better evaluate this strength reduction, the ratio between the nuclear cross section σ γA and that obtained for the free nucleons (Zσ γp +Nσ γn ), derived from proton [16] and deuteron data [3, 17] , has been calculated in each energy region. These ratios are shown in Fig. 9 , together with the results of a ∆-hole model [22] and of two recent VMD calculations for C, Cu and Pb [11, 12] .
The former calculation well reproduces the experimental behavior at lower energies, while both VMD calculations do not predict the systematic nuclear damping of the cross section clearly indicated by this experiment. In addition, the inclusion of two-nucleon correlations considered in Ref. [12] leads to an anti-shadowing behavior below 2 GeV and thus to an even larger disagreement with the data.
Photoabsorption strength in the nuclear medium
For each nucleus the strength reduction was evaluated in the five energy regions of mean energy k given in Table 4 . Both the integral Σ A (k) of the measured cross sections and the ratio R A (k) = Σ A /(ZΣ p + N Σ n ) were calculated. Here Σ p and Σ n are the proton and neutron cross sections integrated over the relevant photon energies. In Table 4 the averaged R A (k), computed weighting R A (k) for each nucleus with its statistical error, is given. The energy behavior of R A (k) is compared in Fig. 10a ) with the one derived from data from previous experiments. The comparison evidences the good agreement between data in both the resonance and the shadowing regions. In the shadowing threshold region data from the present ex- periment evidence a photoabasorption strength reduction well above the experimental errors.
In addition the nuclear density dependence of Σ A (k) in each region was parameterized in the form
where ρ A is the average nuclear density. The latter was derived from the experimental charge density distributions with the rms electron-scattering radius r 2 given in Ref. [24] . Different parameterizations of the nuclear density distribution result in an average variation of less than 5% in the ρ A value. In Fig. 10b ) the coefficients β obtained in each energy region from the fits to our data are shown. Also shown are the β derived from data from previous photoabsorption experiments. The energy behavior of β is similar to the one of R A in the resonance region and above 3 GeV. This indicates that the mechanisms responsible for the observed medium effects depend on the nuclear density.
On the contrary, in the shadowing threshold region the β is positive while R A is less than unity, indicating a stronger strength reduction in the light nuclei.
Similar information can be obtained also from different reactions, specifically from electron scattering at low momentum transfer Q 2 and from photon scattering at smallangle. Then the β have been derived from measurements of these reactions performed on a wide range of mass number [25] , [26] . In the framework of a VMD description the relevant quantity is the coherence length of the hadronic fluctuations of the photon λ V = 2k/(Q 2 + m [18] , open circles [3] , squares [19] , diamonds [20] , and triangles [21] . Also shown is the proton absorption cross section [16] (solid line). The widths of the bands represent the systematic errors.
Therefore in Fig. 11 the β values are shown as a function of λ ρ which is the coherence length when only the ρ-meson contribution is considered. The overall good agreement points out the consistency of total photoabsorption, electron scattering and photon scattering data. In particular, in the shadowing threshold region (λ ρ < 1.3 fm) this agreement strengthens the evidence of a larger medium effect in light nuclei. This experimental finding may suggest in this region a different mechanism for the strength reduction, which does not depend on the nuclear density alone. This could be due to the shadowing onset at lower energy for ligth nuclei. The shadowing effect at higher energy is generally described by VMD models. These models, which consider the photon as a superposition of a bare photon and vector mesons with δ-function mass distribution, are able to reproduce the photo-nuclear absorption cross section in the several GeV domain [10, 11, 12] and shadowing phenomena observed in deep-inelastic leptonnucleus scattering in the low x region (x being the Bjorken variable) [27, 28, 29] . However, as shown in Fig. 9 , the two more recent VMD calculations for real photons [11, 12] clearly underestimate the shadowing effect below 3 GeV. Therefore, a model which takes into account a more realistic spectral function of the low mass hadronic components should be considered in order to better reproduce the photoabsorption data.
In addition, a possible change of the vector-meson properties in the nuclear medium (a reduction of the vectormeson mass [30, 31] and the modifications of the ρ-meson spectral function [32, 9] ) can also be considered. This enanches the strenght at small invariant mass, thus contributing to reduce the energy threshold for the shadowing effect.
Conclusions
The total photoabsorption cross section on C, Al, Cu, Sn and Pb has been measured in the energy range 0.5-2.6 GeV.
The data confirme the absence of structures in the D 13 and F 15 resonance region and show the damping of the photoabsorption strength above 0.6 GeV compared to the free nucleon case. The new result is the persistence of the strength reduction in the unexplored energy region 1.2-1.7 GeV, where resonance effects are expected to be small. In Figure 11: Linear coefficient β derived from photoabsorption data (same notation as for Fig. 10 ), electron scattering [25] (solid triangles) and photon scattering [26] (solid squares) data. The vertical bars represent the statistical errors, while the horizontal bars represent the bin widths.
addition, our systematic measurement over a wide range of mass numbers indicates that in this region the strength reduction decreases with the nuclear density. This reduction can be interpreted as a signature of a low energy onset of the shadowing effect.
In the framework of a VMD description of the shadowing effect both a decrease of the vector meson mass and a significant broadening of the ρ-meson spectral function in the nuclear medium, can produce an earlier onset of the shadowing effect. In this respect the new photoabsorption data provide interesting insigths concerning the modification of the vector meson properties in the nuclear medium.
